Five adult guinea pigs were inoculated intraepithelially in the right hindfoot pad with foot-andmouth disease virus. Animals were euthanati zed with carbon dioxide at 4, 10, 24, 48, and 72 hours postinoculation. Generalized disease developed in the guinea pigs, as evidenced by depression and inappetance by 24 hours post-inoculation and by the formation of vesicles in the noninoculated hindfoot pad by 48 hours postinoculation. By in situ hybridization, using a 500 base pair biotinylated RNA probe, viral nucleic acid was detected in the noninoculated fore-and hindfoot pads as early as IO hours post-inoculation , well before any pathologic changes associated with foot-and-mouth disease virus infection were detected. These tissues remained consistently positive for the presence of viral nucleic acid up to the end of the experiment. At this time, in the forefoot pad, even though virus had first been detected with certainty in that tissue 62 hours previously, there was still no microscopic evidence of foot-and-mouth disease virus-induced damage in the histologic section. Similarly, tongue tissue was positive by in situ hybridization at 4, 48, and 72 hours post-inoculation, yet there was never any microscopic evidence of degeneration or vesicle formation. From this preliminary study, it appears that, in the guinea pig, the virus is widely disseminated to foot pads and tongue, with epidermal lesions resulting only in selected areas. K ey words: Foot-and-mouth disease; guinea pig; in situ hybridization; pathogenesis.
Foot-and-mouth disease, caused by an aphthovirus (Family Picornaviridae), is a highly contagious d isease of cloven-hoofed animals that occurs in many areas of the world with the exceptions of North and Central America, Australia, New Zealand, Japan, the United Kingdom, and parts of Europe. When introduced into a non-enzootic area, it causes serious economic losses through a transient but sharp decrease in production. Animals The direct costs, however, are minor compared to the Six adult female guinea pigs were housed in steel significantly greater indirect costs of quarantine and cages and given water and pelleted feed ad libitum. trade restrictions, which are imposed when foot-and-Five animals were inoculated intraepithelially in the mouth disease enters a new area." Consequently, foot-right hindfoot pad with 0.1 ml (10 6 TCID 50 ) of footand-mouth disease is regarded as the single greatest and-mouth disease virus type Asia I (from a stock of disease threat to the North American livestock indus-known virulence for guinea pigs). One animal served try.
as a noninoculated control. Animals were monitored The pathogenesis offoot-and-mouth disease has been clinically, and one was euthanatized with carbon dithe subject of numerous investigations. I ,2,8, 11, 13, 14 In oxide at 4, 10, 24 , 48 , and 72 hours post-infection. particular, the sequential distribution of virus through Selected tissues (both hindfoot pads, left frontfoot pad, the body has been examined in several studies through tongue, spleen, heart, lungs, and pancreas) were colthe use of viral isolation. P -" Over the past decade, in lected in 4% paraformaldehyde for histopathologic exsitu hybridization has become an increasingly useful amination and in OCT embedding medium (Miles technique for id entifying virus in cell culture. Recently, Laboratories, Elkhart, IN) over liquid nitrogen for in a biotinylated RNA probe specific for foot-and-mouth situ hybridization and fluorescent antibody staining. disease virus was developed and used successfully in A portion ofleft hindfoot pad was collected from every cell culture." It was th e aim of this preliminary study inoculated animal for virus isolation.
Histopathology
Tissue sections were embedded in paraffin , sectioned at 4 urn, and stained with hematoxylin and eosin.
P reparation of probe and in situ hybridization
A foot-and-mouth disease virus-cDNA fragment coding for part of the polymerase enzyme and designated "274M" was inserted in the polylinker region of a PGEM-3Z(f) plasmid vector (Promega Corp. , Madison , WI) at the Pstl site. A transformed colony of E. coli JM 109 containing this recombinant plasmid was grown in mass culture for plasmid amplification. Plasmid DNA was isolated from the cultures and linearized with Bam HI endonuclease. Negative sense RNA transcripts were generated using SP6 RNA polymerase in the presence of biotin-II-UTP (Bethesda Research Laboratories, Bethesda, MD). Unincorporated biotinylated nucleotides were removed by passing the probe solution through Sephadex G50 (Quick Spin Columns, Boehringer Mannheim Biochemicals, Indianapolis, IN).
Fro zen sections were put onto Denhardt-treated, acet ylated slides coated with poly-L-Iysine . After two hours at room temperature, sections were fixed in 4% paraformaldehyde for IS minutes and either used directly in th e hybridization procedure or stored in 70% ethanol at 4 C until used. Slides were rehydrated in phosphate-buffered saline (PBS) with 5 mM MgCl z followed by 200 mM Tris (pH 7.4) with 100 mM glycine. Slides were then digested with either pronase (0.1 mgl ml in PBS) for 5 minutes at room temperature or with Proteinase K (I ug/ml in 0.1 M Tris, pH 8, 50 mM ethylenediaminetetraacetate [EDTAD for 15 minutes at 37 C. Enzyme activity was stopped by immersing the sections in 200 mM Tris (pH 7.4) with 100 mM glycine . Slides were post-fixed in 4% paraformaldehyde for 15 minutes. Following a brief PBS wash , sections were equilibrated in prehybridization fluid (I M NaCl, 0.02 mM EDTA, 50% formam ide , 10% polyethylene glycol) for at least 1 hour at 60 C. For each slide , approximately 2 j.lg of biotinylated probe was mix ed with 10 j.lg denatured salmon sperm DNA and prehybridization fluid to a total volume of 70 j.ll. Probe solution was kept on the sections with a siliconized coverslip , the edges of which were sealed with nail hardener (Sally Hansen, Farmingdale, NY) . Hybridization occurred overnight at 60 C in a humidified chamber. T he following day , coverslips were removed and slides were washed in decreasing concentrations ofSSC (150 mM Na CI and 15 mM sodium citrate, pH 7.0) with formam ide at 63 C. Slides were incubated in streptavidin alkaline phosphatase (Boehringer Mannheim Biochemicals, Indianapolis, IN) diluted 1: 500 in 100 mM Tris-HCI and 150 mM Na CI (pH 7.5). Color development was achieved by covering slides with chromogenic sub strate solution (nitroblue tetra-zolium and phosphate in 100 mM Tris-HCI, 100 mM NaCl and 50 mM MgCl z , pH 9.5) for IS minutes in the dark at room temperature. Development was stopped by rinsing in Tris-EDTA buffer (10 mM Tris-HCI and 0.1 mM EDTA, pH 7.5). To thoroughly dehydrate sections, slides were dipped briefly in 100% ethanol and then coverslipped in Permount with Histoclear.
Fluorescent antibody staining
Fro zen 4 j.lm tissue sections were put onto poly-Llysine coated glass slides, left at room temperature for 2 hours, fixed for 10 minutes in acetone, and stored at -70 C until tested. Just prior to testing, slides were warmed to room temperature and flooded with hyperimmune bovine anti-foot-and-mouth disease Asia I serum diluted 1 : lOin PBS for 30 minutes at room temperature. Following three 2-minute wash es, sections were incubated with fluorescein isothiocyanateconjugated rabbit anti-bovine serum diluted I: 8 in PBS for 30 minutes at room temperature. After three, 2-minute washes , sections were examined for fluorescence. A slide containing various dilutions of foot-andmouth disease virus Asia I in cell culture was stained simultaneously as a positive control.
Virus isolation
To confirm the presence of virus, from each of the ino culated animals a piece of left hindfoot (noninoculated) pad weighing approximately 0.1 g was ground in 0.9 ml high antibiotic solution (penicillin 20,000 U / m l, streptomycin 20,000 j.lglml, mycostatin 1,000 j.lglml, polymyxin B 1,000 U /ml , gentamycin 3,000 ug/ml) and centrifuged at 1,000 g for 5 minutes. The resulting supernatant was diluted in minimal essential media with I % antibiotics in ten-fold dil utions to an end concentration of 10-7 • From each dilution, 0.1 ml was inoculated into duplicate T25 flasks of first passage secondary embryonic lamb kidney cells. Cultures were examined at 48 hours after inoculation for cytopathic effects, and the results were recorded. In addition, from each animal, the lowest dilutions not demonstrating cytopathic effects by 48 hours after inoculation were frozen , th awed , and 1.0 ml passed into a new T25 flask of first passage embryonic lamb kidney cells (blind passage) . These cultures were observed for cytopathic effects at 72 hours post-inoculation.
Results

Clinica l disease
There were no abnormal clinical signs in the control animal or in the two animals euthanatized at 4 and 10 hours post-inoculation. By 24 hours post-inoculation, th e remaining three animals appeared slightl y de- pressed and reluctant to move about the cage. All three had evidence of early vesicle formation in the inoculated pad. By 48 hours post-inoculation (two animals remaining), one guinea pig was depressed and lethargic, with fecal soiling around the perineal area and vesicles on both hindfoot pads. This animal was euthanatized at 48 hours post-inoculation. The other guinea pig was more alert but noticeably slower than previously. A vesicle was present on the inoculated foot pad and the left hindfoot pad appeared scurfy. At 72 hours postinoculation, this animal remained clinically alert but slow. The right hindfoot pad had a ruptured vesicle, and a smaller, earlier vesicle was evident on the contralateral hind pad .
Pathologic findings
Grossly, there were no abnormal findings in the control animal. Other than needle tracts produced by the inoculation procedure, there were no abnormal findings in the animals euthanatized at 4 and 10 hours post-inoculation. In the guinea pig euthanatized at 24 hours post-inoculation, the epithelium overlying the middle third of the inoculated pad was white, and the underlying subcutis was edematous. In the guinea pig euthanatized at 48 hours post-inoculation, the vesicle in the inoculated foot pad involved most of the pad, and a smaller vesicle was present at the lateral margin of the left hindfoot pad . Edema of the dermis and subcutis was marked in the right hindfoot pad and mild in the left hindfoot pad. Both front foot pads were irregularly hyperemic. The pancreas was enlarged with prominent separation of lobules by gelatinous edema. In the guinea pig euthanatized at 72 hours post-inoculation, the epithelium easily lifted off of the entire plantar surface of the inoculated foot pad. The underlying tissue was reddened. On the contralateral hindfoot pad , whitened epithelium could be dissected free from the lateral aspect of the caudal half of the pad . The pancreas was slightly edematous.
Histologically, the most dramatic lesions were in the inoculated foot pads. By 10 hours post-inoculation, the tract was lined completely by necrotic epidermal cells, and small collections of heterophils were collecting in the upper dermis. At 24 hours post-inoculation, in the inoculated pad, there was multifocal spongiosis, with clusters of five to 20 degenerating, rounded cells in various locations in the stratum spinosum. At 48 and 72 hours post-inoculation, the inoculated foot pads had a single, extensive, well-formed vesicle throughout most of the stratum spinosum. The other three foot pads were unremarkable until 48 hours post-inoculation when the right front food pad had collections of heterophils in the dermis. At 72 hours post-inoculation, there was an extensive mature vesicle as well as a focal area of vesicle formation in the noninoculated hindfoot pad .
In the lung, a generalized thickening of septa with increased prominence ofpneumocytes centering around terminal bronchioles became evident at 10 hours postinoculation and was more severe at 72 hours postinoculation. In addition, in all animals, including the noninoculated control, there was a mild acute to subacute inflammatory process often with numerous heterophils, surrounding some bronchioles.
Pancreatic changes were first detected with the 48 hours post-inoculation specimen with marked interand intralobular edema. Numerous acute inflammatory cells were present within distended septa and also within lobules. The largest ducts were lined by degenerating epithelium. The pancreas of the animal euthanatized at 72 hours post-inoculation was diffusely edematous but not as severely as that from the animal euthanatized 48 hours post-inoculation. Many parenchymal cells had a decreased quantity ofzymogen granules. Individual necrotic cells were scattered through- out the lobules. Duct epithelium was attenuated to low columnar or squamous.
In situ hybridization
One section of each tissue was examined by in situ hybridization. Results are presented in Table 1 . Virus was detected by in situ hybridi zation with certainty at 10 hours post-inoculation in both ino culated and noninoculated foot pads. In both of the hindfoot pads, the amount of staining increased up to 48 hours post-inoculation, but was diminished in the specim en taken at 72 hours post-inoculation. In the forefoot pad , staining was greatest in the specimen from the animal euthanatized at 72 hours post-inoculation. The pattern of staining for all the foot pads tended to be segmental and locally extensive, with virtually all cells of the stratum spinosum in a given area demonstrating variable degrees of dark blue cytoplasmic granularity, whereas an adjacent, otherwise similar, area would be free of staining (Figs. I, 2). Intact cells surrounding vesicles usually displayed prominent cytoplasmic staining.
In the tongue, there was positive staining of selected clusters of 10 to 20 epithelial cells, usuall y near the base of lingual papillae, in the specimens harvested at 4 and 48 hours post-inoculation ( Fig. 3) . In those collected at 10 and 24 hours post-inoculation, the epithelial staining was no greater than in the noninoculated tongue.
In the lung, cytoplasm ofbronchial epithelium stained non specifically, appearing blue-black in both the control and infected animals. In the lung from the animal euthanatized at 4 hours post-inoculation, there was weak staining in the cytoplasm of many alveolar macrophages. At 10 hours post-inoculation, these stained macrophages were more prominent. In the specimen harvested at 24 hours post-inoculation, staining also includ ed cytoplasm of many epithelial cells, most of which app eared to be type I pneumocytes (Figs. 4, 5) . Th e section taken at 72 hours post-inoculation was collapsed and more difficult to interpret, but staining did appear to be more diffusely distributed along alveolar septa.
In the spleen, as early as 4 hours post -ino culation, numerous peri-arteriolar sheaths were highlighted. Th e section from the animal euthanatized at 10 hours postinoculation was negati ve. At 24, 48, and 72 hours postinoculation, the pattern of distinct peri-arteriolar aggregates had become more diffuse, with the positive staining being more widespread and less well-defined.
In situ hybridization on right ventricular myocardium failed to detect virus at 0, 4, 10, and 24 hours post-inoculation. At 48 and 72 hours post-inoculation, there was equivocal positive staining of large groups of cells, especially in the papillary muscle.
Nonspecific staining obscured all exocrine cells in every section of pancreas examined. No specific hybridization was detected in an y of the islets of Langerhans.
Viral isolation
Ino culated cell cultures were examined at 48 hours post-inoculation. Cultures inoculated with dilutions of foot pad from animals euthanatized at 4 and 10 hours post-inoculation were all negative. Tissue from the animal euthanatized at 24 hours post-inoculation was positive only at the lowest (l 0-1 ) dilution. Ti ssue from the animal euthanatized at 48 hours post-inoculation was positive on virus isolation up to a dilution of 10-6 • The animal euthanatized at 72 hours post-inoculation was positive up to a dilution of 10-5 • Blind passages of the lowest dilution not demonstrating cytopathic effect for each animal were examined 72 hours postinoculation. All were negative with the exception of the animal euthanatized at 72 hours post-inoculation. For this animal, blind passage of the 10-6 dilution was positive for cytopathic effect.
Fluorescent antibody
In the inoculated foot pads , at 10 and 24 hours postinoculation, there were rare weakly fluorescent, widely scattered cells associated with the needle tracts. In the contralateral hindfoot pads, rare isolated groups of fluorescing cells (2 to 3 cells per group) could be found in the epidermis of the specimens from animals euthanatized at 48 and 72 hours post -inoculation, but not in any of the others. Of the samples taken from forefoot pads, only that one collected at 24 hours postinoculation was positive by fluorescent antibody staining, with definite fluorescing individualized cells visible in one small area of the stratum spinosum. In the lung, at 4 hours post-inoculation, there was weak equivocal fluorescence of scattered luminal cells. At 10 hours post-inoculation, selected groups of cells were staining. By 72 hours, some individual cells were standing out clearly against the background. In the spleen, only specimens collected at 4 and 48 hours post-inoculation fluoresced. At 4 hours post -inoculation, a single small cluster ofcells surrounding a periarteriolar sheath was weakly positive, and at 48 hours post-inoculation, a few cells in the marginal zones of some lymphoid follicles fluoresced weakly . There was no fluorescence in tongue , heart, or pancreas of any of the animals.
Discussion
Generalized disease was produced in the guinea pigs, as evidenced clinically by depression and development of vesicles in noninoculated foot pads . Vesicles were developing in the inoculated pad by 24 hours postinoculation and in the contralateral hindfoot pad by 48 hours after inoculation. Although heterophils were collecting in the upper dermis of one of the forefoot pads at 48 hours post-inoculation, no vesicle formation was detected histologically in any of the fore pads.
Viral nucleic acid was detected by in situ hybridization in epithelial tissues distant from the inoculation site as earl y as 4 hours post-inoculation. It was detected with certainty in tongue epithelium from the animal euthanatized at 4 hours post-inoculation and in both of the noninoculated foot pads (non inoculated hindfoot pad and left frontfoot pad) at 10 hours post-inoculation. The pattern ofhybridization was segmental, with a group of several cells in a given area of the stratum spinosum staining positively whereas adjacent similar areas would be free of positive reaction. These tissues were consistently positive for the presence of viral nucleic acid up to the end of the experiment at 72 hours post-inoculation. At this time, in the forefoot pad , even though the virus had first been detected with certainty in that tissue 62 hours previously, there was still no microscopic evidence of foot-and-mouth disease virus-induced damage in the histologic section.
Similarly, tongue tissue was positive by in situ hybridization at 4,48, and 72 hours post-inoculation and yet there was never any microscopic evidence of degeneration or vesicle formation. Although no precautions were taken to prevent the animals from licking or otherwise contacting the inoculated foot pads , the virus detected in the frontfoot pad and tongue at 4 hours post-inoculation is presumed to have come from the systemic circulation since foot-and-mouth disease virus will not enter across an intact keratinized epithelial surface. The distribution offoot-and-rnouth disease virus and its persistence in various epidermal tissues have been studied in cattle by virus isolation. It has been demonstrated that the virus is widely disseminated to man y epidermal sites, with gross lesions developing only in areas subjected to mechanical trauma or unusual physiologic conditions.v' This would explain why lesions are most likely to develop on interdigital cleft, tongue and teat, areas that are exposed to stress , abrasion, or hormonal influences. In the guinea pigs, although virus was present in the forefoot pad and tongue as well as in the hindfoot pads, no lesions developed in the former tissues. It may be that the guinea pigs, once they became depressed and inappetent, were reluctant to move about the cage or eat , so that although virus was present in the forefoot pads and tongue , there was insufficient physical activity to result in the development of vesicles.
In the lung positive hybridization reactions in the cytoplasm of alveolar macrophages and selected epithelial cells were present. This reaction was weak at 4 hours post-inoculation and strongly positive at 24 hours post -inoculation and thereafter. In livestock the role of the lung in early replication offoot-and-mouth disease virus has been the subject of numerous investigations. Some investigators believe that alveolar macrophages may serve to transport inhaled, replicating virus into the circulation," whereas other researchers have shown that the lung is not important in early replication and dissemination of virus. 1 In either case, it should be noted that whereas it is well-established that livestock are readily infected with foot-and-mouth disease virus by aerosol exposure, guinea pigs have not been infected in this manner. Presumably, the replicating virus detected in the lungs of these animals was derived from the systemic circulation. Unfortunately, the interpretation of the positive hybridization reactions and their relations to morphologic events in the lung are somewhat confused by the presence of histologic lesions in all animals, including the nonino-culated control. Nevertheless, although all animals including the control displayed a subacute bronchiolitis, in situ hybridization detected viral nucleic acid only in infected animals.
Myocardial degeneration and necrosis is a fairly frequently observed lesion in young cattle and pigs infected with foot-and-mouth disease. In guinea pigs infected with the virus , myocardial damage has been well-documented; however, the earliest microscopic evidence is seen at 5 days post-infection.10 In this study , there was equivocal staining of diffuse areas of papillary muscle at 48 and 72 hours post-inoculation. Perhaps if the experiment had been of longer duration, more definitive evidence of the presence of foot-andmouth disease virus would have been seen in the heart by in situ hybridization or histopathology.
Histologically, the pancreas was the most remarkable of all the visceral tissues examined. There was severe pancreatic damage with necrosis of individual exocrine acinar and duct cells and marked edema at 48 and 72 hours post-inoculation. Pancreatic damage due to foot-and-mouth disease virus in guinea pigs has already been described, and it has been shown that 2 days post-infection viral titers in the pancreas are higher than in blood. 10 Unfortunately, in our study with in situ hybridization, there was overwhelming nonspecific reaction so that the presence of virus in the pancreas could not be documented by this technique.
Viral isolation was done on a piece of tissue from the noninoculated foot pad to confirm the presence of virus in inoculated animals. There was insufficient virus in the tissues at 4 and 10 hours post-inoculation to be detected by this method. At 24 hours post-inoculation virus was detected but only at the lowest dilution assayed. In situ hybridization presence of virus in the same tissue as early as 10 hours post-inoculation would appear to be a more sensitive technique. The distribution of virus, as seen by in situ hybridization , was quite segmental, so the failure to isolate footand-mouth disease virus from 0.1 g oftissue may merely be a function of sampling.
Indirect fluorescent antibody was done on replicate sections of tissue cut for in situ hybridization. Positive cells were seen in the inoculated foot pad only at 10 and 24 hours post-inoculation, and these were widely scattered and only weakly fluorescent. The contralateral hindfoot pad had a few fluorescing cells at 48 and 72 hours post-inoculation. The pattern of fluorescence in the lung, of equivocal positivity at 4 hours postinoculation and a definitive positive reaction at 72 hours post-inoculation, approximates what was seen with in situ hybridization. The advantage of in situ hybridization was that cell types were much more readily discernible.
In summary, in the preliminary study, in situ hy-bridization demonstrated the presence of foot-andmouth disease virus in a number of epidermal and visceral tissues very early in infection, well before the onset of clinical disease or pathologic lesions. It appears that, in the guinea pig, the virus is widely disseminated to foot pads and tongue, with epidermal lesions resulting only in areas subjected to physical stress. This technique should prove useful in further exploring the pathogenesis of foot-and-mouth disease in the natural hosts.
